It is well known that the recovery and recrystallization of commercially pure aluminum are influenced by the dissolved impurities, iron and silicon. In this study, we assumed that the dissolved impurities precipitate on the cell boundaries and subgrain boundaries during annealing and control the rate of recovery and recrystallization in the commercially pure aluminum and adopted a new rate equation developed by Yamamoto, which contains the term of the particle number that exponentially changes. It was found that the entire reaction was divided into two reactions, i.e., the recovery and recrystallization, which processes were analyzed by this equation. The entire reaction was expressed by superimposing the two processes. For the recovery process, the value of the time exponent is 0.5, which means control of the dislocation pipe diffusion, by which impurities precipitate on the dislocation cell boundaries. For the recrystallization process, the value of the time exponent is 1, which means control of the grain boundary diffusion, by which impurities precipitate on the subgrain boundaries. Therefore, our assumption was verified by this new equation. Based on the activation energy, we consider that the precipitation of silicon during the recovery and that of iron during the recrystallization control the reaction rate.
Introduction
It is well known that the recovery and recrystallization of commercially pure aluminum depend on the content of impurities, iron and silicon, and whether or not the impurities are dissolved in the matrix. Even if the impurity levels are very low, the behavior of the recovery and recrystallization significantly changes when the impurities are dissolved in the matrix. Recrystallization of high purity aluminum of 99.99% or more occurs at room temperature, which depends on the production conditions. Ohno et al. cast the Al-0.5%Fe alloy into a mold with 99.998% aluminum and 99.9% iron base metal. They then hot-rolled the ingot after pre-heating at 520°C, followed by intermediate annealing at 260°C for 16 h and finally cold-rolled the plate with 50% and 85% reductions. The 50% rolled sheet did not soften at room temperature, while the 85% one began to immediately soften which finished in 24 h. The recrystallization of the 85% rolled sheet occurred at room temperature.
1) Such a softening phenomenon by cold working is a kind of dynamic recovery and has been known as work softening. Ohno et al. also studied the work softening of the Al-2.0% Fe alloy. They reported that work softening began at a 50% reduction in the Al-2.0% Fe alloy without silicon, but work softening is difficult to occur in the alloy with 0.02% Si. 1) Yamamoto et al. also studied the effect of an intermediate annealing (IA) temperature on work softening of the Al-1.7% Fe alloy homogenized at 400°C for 24 h followed by hot rolling, IA and cold rolling (CR). They reported that work softening began at the reduction of 40% CR at 400°C IA, but it did not begin until the reduction of 90% CR at 600°C IA. 2, 3) This is related to the dissolved content of iron in the matrix. It is necessary for the work softening that the iron sufficiently precipitates as Al 3 Fe. According to the experimental results of Ohno and Yamamoto, a very small amount of dissolved iron and silicon delays the recovery and recrystallization.
The authors investigated the relation between the tensile properties and microstructures in 1050 aluminum. As a result, the elongation decreases up to around 150°C, then it turns to increase and peaks at 275°C and decreases again at a higher temperature as shown in Fig. 1(d) . 4, 5) From the observation of the TEM structures, dislocation cell structures are formed by interacting with impurities in an as-rolled sheet ( Fig. 1(a) ), dissolved silicon segregates or precipitates on the cell boundaries, then the coagulated silicon bond together on the cell boundaries and form a ring-shaped silicon, that is called the Si-ring in this study, with a 0.5³1 µm diameter at about 150°C ( Fig. 1(b) ). These Si-rings are placed within the subgrains at 200°C due to the migration of the cell boundaries from these rings ( Fig. 1(c) ). 4) Base on the electrical conductivity, silicon mostly precipitates and the highest elongation is obtained at 275°C. At a higher temperature, the Si-rings are dissolved again.
The dissolved silicon segregates and precipitates on the lattice defects like the dislocation cell and stabilizes the cell boundaries, then coagulates and forms the Si-rings at a higher temperature. At a still higher temperature, these rings are placed within the subgrains due to the migration of the cell boundaries from these Si-rings. As a result, recovery and recrystallization occur. It is considered that stabilization of the subgrains is related to the segregation or precipitation of the dissolved impurities, iron and silicon.
Asano et al. observed the segregation of iron and silicon on the subgrain boundaries by using HAADF-STEM and an energy dispersive X-ray analyzer.
6) The dissolved iron atoms react with the diffused silicon atoms to form ¡-AlFeSi compounds on the subgrain boundaries. The subgrain boundaries migrate from ¡-AlFeSi compounds during recovery and recrystallization. Figure 2 shows the microstructure of the specimen annealed at 380°C. 7) The fine particles that precipitated within the grains are ¡-AlFeSi compounds. The dispersion of these particles indicates precipitation on the subgrain boundaries. At still higher temperatures, the dissolved iron atoms precipitate as Al 3 Fe on the grain boundaries and inhibit the grain growth of recrystallization. This is apparent from the previous research about the precipitation of the Al-Fe-Si alloy. 8) The rate process of recovery and recrystallization mentioned above has been analyzed by Johnson-Mehl-Avrami equation (JMA equation) for a long time. 9, 10) Recently, improved equations have been published, but the basic concept has not changed. 11, 12) However, Yamamoto revealed a problem with the JMA equation, and proposed a new equation in 1979. 13) Johnson and Mehl proposed the J-M equation in 1938. They derived the equation assuming that the nucleation rate is constant, that is, independent of time. 14) Avrami considered the assumption that nucleation rate is independent of time did not agree with the experimental result, and proposed that the nucleation rate per unit time was given as ¡N 0 exp(¹¡t). N 0 is the number of nucleation site at the time t = 0 and ¡ is constant with time. However, he obtained the same result as Johnson 19) graphitization of cementite 20) and two-step aging of the Al-Zn-Mg alloy. 21, 22) As a result, it was proven that this equation can effectively analyze these phenomena. In the production site, it is empirically well known that impurities play an important role in the rate of the recovery and recrystallization. However, there are few studies about the effect of impurities using a rate equation. The purpose of this study is that the effect of impurities on the rate of recovery and recrystallization is clarified by analyzing the rate of recovery and recrystallization in 1050 aluminum using Yamamoto's equation compared to the JMA one and the effectiveness of Yamamoto's equation is proven. 
Model of Recovery and
Parameters n and¸are the time exponent and time constant, respectively. The physical meaning of these parameters will be described later. Yamamoto considered it is natural that the number N of new phase particles exponentially increases and is expressed at time t in the next equation because nucleation during phase transformation such as precipitation occurs as statically collective phenomena. 13 )
When N 0 is the number of old phase particles, which means nucleation site in this study at the time t = 0, and¸2 is the time constant, increasing rate I of the number of new phase particles is given by the next equation. The time constant¸2 denotes the lifetime, which is the existence period of old phase until the new phase particles nucleate.
The mechanism of recovery and recrystallization in this study assumes that dissolved impurities segregate or precipitate on the dislocation cell or subgrain boundaries during annealing and control the rate of recovery and recrystallization.
To investigate the effect of the dissolved content of the impurities on the rate of recovery and recrystallization, the rate equation was derived in the case of a new phase particle which is spherical with radius R, assuming that the a new phase particle (¢-phase) precipitates from the matrix, the nucleation rate of the new phase particle exponentially Fig. 2 Precipitation of ¡-AlFeSi fine particles having less than 1 µm diameter dispersed within grains during annealing at 380°C. 7) decreases and its growth is controlled by diffusion. When the concentration of dissolved atoms in the matrix, in the ¢-phase and at the interface between the ¢-phase and matrix are C I , C ¢ and C E , respectively, and the interface between the new phase and old one moves by diffusion, the radius R of a new phase particle and its rate, dR/dt at time t are given as follows:
D is the diffusion coefficient. When the volume of the particles is v, the growth rate of the volume is given by the next equation.
The number of particles precipitated between time s and (s + ds) is Ids and the increasing rate of the volume of precipitated particles is Ids (dv/dt) at time t. When the volume of the total precipitated particles is V, the increasing rate of the volume is as follows:
Substituting eq. (3) into eq. (6), eq. (6) is modified into the next equation.
The total volume of the new phase particles precipitated until the time t is given by the next equation.
The number of dissolved atoms removed from the unit volume of a solid solution is V(C ¢ ¹ C E ). The total dissolved atoms suppose to precipitate are (C I ¹ C E ). Therefore, the ratio of transformation y is described by the next equation.
Yamamoto considered that the number of new phase particles (nucleation number) depended on the number of lattice defects sites, the nucleation of which also depends on multiple reactions. Thus he extended eq. (2) and replaced the next equation instead of eq. (2). 13, 19) 
Yamamoto proposed a new rate equation in which eq. (11) is incorporated to eq. (1). 13, 19) y
The parameters, n 1 and n 2 are the time exponents anḑ 1 and¸2 are time constant. Hereafter, we call eq. (12) Yamamoto's equation. The JMA equation is a special case when n 2 = 0 in Yamamoto's equation, which means that the particle number N does not change, as can be seen from N = N 0 in eq. (11), or the nucleation rate I is constant. Figure 3 shows a comparison of the phase transformation ratio between the JMA equation and Yamamoto's equation. Since Yamamoto's equation contains the term of the particle number that exponentially changes, parameters n 2 and¸2 can be varied even if n 1 and¸1 are constant. Therefore, the change in the initial rate can be especially analyzed by varying the values of the parameters n 2 and¸2 as shown in Fig. 3 . On the other hand, the change in the initial rate can be expressed only by varying the values of n 1 and¸1 in the JMA equation. This is due to the assumption that the number of particles is constant or the nucleation rate is constant in the JMA equation. The various parameters obtained by curve fitting the measured data using eq. (12) are important when considering the reaction models.
2.2 Time constant for the one-, two-and three-dimensional diffusion controlled phenomena Although eq. (10) expresses the growth of particles controlled by three-dimensional diffusion, one-dimensional growth, such as the longitudinal direction growth of needles or precipitation on a dislocation, or the two-dimensional one, such as radial direction growth of a disk, can be expressed. The time constant¸1 in eq. (10) 
The time exponent n 1 is 0.5 for the one-dimensional diffusion control and is 1 for the two-dimensional one in each dominant reaction. For the three-dimensional diffusion control, n 1 is 1.5 as shown in eq. (10).
On the basis of¸1 in eqs. (10), (14), and (15), the effects of the dissolved concentration of impurities C I and the number of nucleation site N 0 that denotes the number of precipitation sites can be investigated. For n 1 = 0.5, since the time constant¸1 is proportional to C I in eq. (14), the higher C I , the longer¸1, which means retardation of the recovery and recrystallization. If n 1 = 1.0,¸1 is independent of C I as shown in eq. (15) . For n 1 = 1.5,¸1 is inversely proportional to the cube root of C I . Since the number of nucleation site at the time t = 0 N 0 is inversely proportional to 1/n 1 power, the higher N 0 , the shorter¸1. This means that the reaction finishes in a short time when N 0 is high. N 0 is related to the precipitation sites, which are affected by the type and density of the lattice defects.
Furthermore, activation energy can be calculated from the time constant¸1 and¸3, which are dependent on the temperature. When the diffusion coefficient D = D 0 exp(¹E/ k B T ) is substituted into eq. (13), the activation energy E is calculated from the linear approximation of the correlation diagram between log¸1 and 1/T. k B is the Boltzmann constant. Thus, the effect of each impurity on the reactions can be investigated.
Experimental Procedure
Ingots of 1050 aluminum (Fe: 0.29 mass%, Si: 0.09 mass%), which were DC cast in a laboratory, were soaked under three conditions, that is, as-cast (no soaking) and soaked at 600°C for 8 h followed by furnace cooling (FC) and water quenching (WQ) to vary the content of dissolved impurities. These soaked ingots were reheated at 500°C and hot rolled from 20 to 4 mm thicknesses. The finish temperature of the hot rolling was 300°C. The hot-rolled plates were annealed at 290, 320, 350 and 380°C for a certain time in a salt bath to measure their hardness, electrical conductivity and to observe their microstructures. The hardness (Vickers hardness, 5 kg) was measured at the center of the thickness and the average value of three points was obtained. The microstructures were also observed at the center plane of the thickness by a polarizing microscope to investigate the recrystallization process.
Experimental Results
Figures 4 and 5 show the effect of the soaking conditions on the change in the Vickers hardness and electrical conductivity, respectively. It is noted that the data just after annealing (0.01 min) are equivalent to the as-rolled data. The recrystallization under the no soaking condition was found to be the slowest start and finish from the hardness change in Fig. 4 . Furthermore, the effect of the cooling rate from the 600°C soaking was found to be small. From the electrical conductivity change in Fig. 5 , it was found that the electrical conductivity drastically change from the start of recrystallization, which means precipitation of the dissolved impurities during recrystallization.
The polarized microstructures at the center plane of the thickness are shown in Fig. 6 . The start time of the recrystallization is about 30 min at 350°C with no soaking. On the other hand, it is about 6 min in both the FC and WQ from 600°C. The finish time of the recrystallization is about 180 min for no soaking and about 120 min in both the FC and WQ from 600°C. These results correspond to the changes in the hardness and electrical conductivity. The grain size of the complete recrystallization is about 100 µm for the 600°C soaking. On the other hand, it is about 300 µm with no soaking. The grains of the 600°C soaked material are finer than those of the non-soaked.
Analysis by the Rate Equation
The normalized data obtained by calculation of the ratio of the hardness difference between time t and the start (asrolled) is divided by the difference in hardness between the finish and the start in Fig. 4 , are shown as Exp. Data (Experimental Data) in Fig. 7 . The optimum parameters of Yamamoto's equation were obtained by a curve fitting of these normalized experimental data using this equation. Judging from the hardness change, it was found that the total change cannot be expressed by one rate reaction. Therefore, it was considered that two complex reactions of recovery and recrystallization occurred. The experimental data were analyzed using the following equation.
Parameters A and B are the ratio of each reaction. A plus B equals 1. For comparison, the data were also analyzed by superposition of the two JMA equations shown in the next equation. Figure 7 shows the result of curve fitting the normalized experimental data of hardness at a 350°C annealing using eq. (16) , in the case of no soaking (a), 600°C-8 h FC (b) and 600°C-8 h WQ (c). Other data at the 290, 320 and 380°C annealings were also able to be curve-fitted. All these data can be expressed by superimposing two reactions. The values of the parameters obtained by curve fitting are shown in Table 1 . When normalized data were analyzed using Yamamoto's equation, it was found that the time exponent n 1 equals 0.5 for all conditions of the first reaction and n 3 equals 1 for all conditions of the second reaction. Incidentally, the values of parameters obtained by the JMA equations are also shown in Table 1 . The values of the parameters n 2 , n 4 ,¸2 and¸4 are blank since these parameters do not originally exist in eq. (17) . There is no consistency in the values of the time exponents, n 1 and n 3 , of the JMA equation for all soaking conditions or all annealing temperatures as can be seen from Table 1 . The values of the parameters are physically meaningful. Therefore, if the values vary in response to the soaking conditions or annealing temperatures, a different reaction model is required depending on the soaking conditions or annealing temperatures. Because it is usually difficult to consider such a different model, our data cannot be analyzed using the JMA equation. 6. Discussion
Change in electrical conductivity
It was found that the total reaction is expressed as the superimposition of two reactions by analyzing the hardness changes. These reactions correspond to the recovery and recrystallization, which are consistent with the microstructures in Fig. 6 . Reaction y 1 in Fig. 7 corresponds to the recovery process and y 2 is for the recrystallization one. The total hardness change y is the sum of y 1 and y 2 . If the parameters in Yamamoto's equation, y 1 and y 2 , have physical meaning, it is considered that the change in electrical conductivity will be expressed by the same parameter values. The weight parameters, A and B, are considered to be different between the hardness and electrical conductivity. The normalized changes in the electrical conductivity were superimposed with the sum of y 1 and y 2 using the same values shown in Table 1 except A and B. The results are shown in Fig. 8 . It was found that the change in the electrical conductivity can be almost expressed by the same values for the hardness.
The decrease in the hardness corresponds to the decrease in the lattice defects and the increase in the electrical conductivity and is generally due to the increase in the precipitation of impurities. This means that the impurities precipitate on the lattice defects, and as a result, the lattice defects decrease during the recovery and recrystallization processes. It is well known that the precipitation of iron and silicon does not increase the hardness.
For the electrical conductivity, the sum of the values of A plus B, which are indicated in the caption of Fig. 8 does not equal 1. This reason is as follows. The electrical conductivity of no soaking shown in Fig. 8(a) significantly increases between recovery and recrystallization. Furthermore, the electrical conductivity for that annealed at 350°C for a long time shown in Fig. 8 significantly increases for every soaking condition. The increase in the electrical conductivity between recovery and recrystallization is due to coagulation of the silicon and the formation of Si-rings shown in Fig. 1 . The increase at 350°C for a long time is due to the coagulation of ¡-AlFeSi particles within grains by the diffusion of dissolved iron and silicon during the long annealing. The particles precipitated on the subgrain boundary are placed within the grains due to the migration of the subgrain boundary as shown in Fig. 2 . Based on the change in the electrical conductivity, it was found that another precipitation process exists in addition to recovery and recrystallization, which was not found in the change of the hardness because the coagulation of the silicon does not significantly influence the hardness. The analysis of the increase in the long annealing was omitted in this study because this increase occurs after the finish of recrystallization. An analysis of the coagulation process will be a future objective. Effect of Precipitation of Impurities during Annealing on the Rate of Recovery and Recrystallizationprocess and 1 in the recrystallization one. On the other hand, the value of n 1 in the JMA equation varies from 0.5 to 2 corresponding to soaking conditions and annealing temperatures. The value of n 3 in JMA one also varies from 2 to 5 and does not express a constant. The reason why the values of n 1 and n 3 in Yamamoto's equation are constants is that the term of the particle number that exponentially changes is added to the JMA equation, which was described by Yamamoto. 13) This means that the precipitation reaction of impurities to control the recovery or recrystallization process is basically the same and is not dependent on the soaking conditions and annealing temperatures.
The time component of recovery, n 1 = 0.5, means dominant control of the one-dimensional diffusion as previously mentioned and corresponds to the precipitation on dislocations by dislocation pipe diffusion. In the recovery process, subgains form from the dislocation cells. Since cell boundaries consist of dislocations, n 1 = 0.5 is reasonable. This reaction proceeds after the start of recrystallization because subgrains containing dislocations remain. On the other hand, the time component of recrystallization, n 3 = 1, means dominant control of the two-dimensional diffusion and corresponds to the radial growth of a disk. In the recrystallization process, recrystallized grains form from subgrains and precipitation occurs by two-dimensional diffusion along the surface of subgrain boundaries. Recently, the segregation of iron and silicon on the subgrain boundaries was observed by the latest HAADF-STEM and EDS analysis. 6) By the way, there is a possibility that precipitation during the early stage of recovery occurs on the subgrain boundaries since it is said that the subgrain boundaries in the early stage consists of dislocation cores. However, it is considered that precipitation occurs at the cell boundary in this paper since the size of the Si-ring is nearly equal to that of the size of the dislocation cell.
Time constantI
n the case of the time component n 1 = 0.5, the time constant¸1 expressed in eq. (14) is inversely proportional to the number of precipitation sites, N 0 2 , and proportional to the dissolved content of the solute atoms. The time constant,¸1, in Yamamoto's equation in Table 1 is almost the same and not dependent on the soaking conditions. This reason is that the dissolved contents of the solute atoms estimated from the contents of the precipitation in Fig. 5 and the amount of dislocation cells, which become precipitation sites of Si are not very different under the soaking conditions. Therefore, it is considered that the rate reaction in the recovery process is not significantly influenced by the soaking conditions.
On the other hand, the time constant¸3 of recrystallization in the no soaking condition and especially at a low annealing temperature is high compared to the other soaking conditions. The cooling rate from 600°C does not significantly affect the time constant,¸3. The time constant,¸3, is not dependent on the dissolved content of the solute atoms and is inversely in proportion to the precipitation site, N 0 , as can be seen from eq. (15) in the case of the two-dimensional diffusion control. The smaller precipitation site N 0 , the higher the time constanţ 3 . Under the no soaking condition, the concentration distribution of iron and silicon is not homogeneous and the concentration is high near the grain boundaries or dendrite cell ones of the ingot. The concentration of iron and silicon is homogeneous through soaking at 600°C. As a result, precipitation homogeneously occurs within the grains during pre-heating or hot rolling. Since the dissolved concentration of solute atoms decreased in the matrix, especially, around the second-phase particles, the formation and growth of subgrains easily occur, that is, recovery and recrystallization are promoted. Such a concept was already published about the grain refinement of a 7475 alloy. 23) In the material soaked at 600°C, subgrains easily and homogeneously form and the dissolved concentration of impurities decreases because precipitation of the iron and silicon occurs on the subgrain boundaries during annealing. Therefore, recrystallization is promoted because the dissolved concentration of impurities decreases in the matrix. As a result, the recrystallized grains of the soaked material are fine compared with no soaking as shown in Fig. 6 .
The values of parameters n 2 and¸2 in the recovery process of soaked materials are constant at 350°C or more. During annealing at 320°C or less, n 2 is 5³10 and¸2 is 10³60. These parameters at low annealing temperatures indicate high values. The no soaking material has almost the same trend as the soaked ones. It is considered that the formation rate of the dislocation cells in which impurities precipitate is slow at the lower temperature because of the slow diffusion of aluminum and impurities.
The value of parameters n 4 in the recrystallization process varies for every soaking condition. For the value of parameter ¸4 in the recrystallization process, the lower the annealing temperature, the higher the value of¸4 for every soaking condition. It is considered that the high value of¸4 is due to the slow rate of formation and growth of subgrains, of which nucleation sites were formed in several kinds of lattice defects, that is, the original grain boundary, dislocation cell, interface of second-phase particles and matrix, etc., because these reactions of the lattice defect formation also depend on diffusion. 19) The values of these parameters will be investigated in a future study.
Activation energy of reactions
The effect of impurities is discussed by calculating the activation energy from the time constant of the rate equations. The activation energy E of the recovery and recrystallization for all the soaking conditions is calculated from the linear approximation of the correlation diagram between log¸1 or¸3 and 1/T. The activation energy of recovery and recrystallization is 62.0 kJ/mol and 86.7 kJ/mol, respectively. Impurities in the 1050 aluminum in this study are mainly silicon and iron. The activation energy of silicon and iron is about 124³ 136 kJ/mol and 135³258 kJ/mol, respectively, according to Hirano 24) and 136 or 123 kJ/mol and 221 or 258 kJ/mol, respectively, according to Fujikawa. 25) It is said that the activation energy of the lattice diffusion is greater than that of dislocation pipe diffusion or grain boundary diffusion. Thus the diffusion coefficient of dislocation pipe diffusion or grain boundary diffusion is higher than that of lattice diffusion. The activation energy obtained in this study is 1/3³1/2 of the activation energy of the lattice diffusion 26) and is roughly consistent with that of the dislocation pipe diffusion or grain boundary one. Judging from the reaction temperature, silicon is relevant to the recovery and iron and silicon are concerned with the recrystallization. Based on the activation energy, it is considered that the diffusion of iron mainly controls the rate of recrystallization more than silicon. The decrease in hardness with the progress of recovery and recrystallization is due to the disappearance of lattice defects caused by the precipitation of silicon and iron on the dislocation cell, subgrains, recrystallized grain boundaries, etc.
Conclusion
(1) The change in hardness while annealing during the recovery and recrystallization of 1050 aluminum can be analyzed by a new rate equation containing the term of particle number that exponentially changes. It was found that the entire reaction was divided into two reactions, i.e., the recovery and recrystallization. The entire reaction can be expressed by superimposing the two processes. The values of the time components, n 1 and n 3 , in the following equation are respectively the same for every soaking condition and annealing temperature.
(2) The change in hardness during the recovery is mainly controlled by the precipitation of silicon on dislocation cell boundary. On the other hand, the change in hardness during the recrystallization is mainly controlled by the precipitation of silicon and iron on the subgrain boundary, in particular, the precipitation of iron on the surface of the subgrain boundaries. The decrease in hardness during the recovery and recrystallization is due to the disappearance of lattice defects caused by the precipitation of silicon and iron on the lattice defects. (3) The rate of recovery is not affected by the soaking conditions. The rate of recrystallization is affected by the soaking conditions. The rate of recrystallization of the 600°C soaked material is faster than that of the nonsoaked. It is considered that iron and silicon precipitate fast on the subgrain boundaries since subgrains easily form in the 600°C soaked material.
